• A multi-mode energy management strategy for fuel cell vehicle is developed.
Introduction
Due to the shortage of fossil fuel and the increasingly severe environmental pollution caused by its use, the automotive industry has responded with a transformation in energy structure which has reduced carbon emissions and will gradually replace the internal combustion engine (ICE) with power trains, which use multiple energy sources. During this process, fuel cell electric vehicles (FCEVs) will play an important role, as they have the advantages of rapid fueling, high energy density and efficiency, low operation temperature, and zero onboard emissions.
The performance of this new type of hybrid vehicle depends largely upon its energy management strategy, which distributes the power demand between the proton electrolyte membrane fuel cell (PEMFC) system and a battery system. The addition of a battery makes quick start-up and energy recovery from the braking process possible. To ensure the steady and efficient operation of the system, research on energy management has become a matter of great interest recently. The research done so far can mainly be categorized into rule-based and optimization-based algorithms.
In the first class of strategies, the distribution of power demand is managed by several prearranged rules which are based on existing experiment results or research experiences, and consists of thermostat strategy [1, 2] , power follower strategy [3], or hybrid strategy, which combines both [4, 5] . Because prior information about a predefined drive cycle is not needed, the application of such strategies for a realtime controller is expected [3, 6, 7] . Although vehicle performance can be improved partly by utilizing advanced algorithms, such as wavelet transform [8, 9] and fuzzy logic control theory [9] [10] [11] , the optimality of power distribution cannot be guaranteed due to a lack of road information. This inherent flaw results in the generation of strategies based on optimization. Optimization-based strategies [12] [13] [14] are conversely established to transform the aim of energy management into an optimal solution for a globally optimized problem, which primarily delivers a cost function using linear programming [15] , dynamic programming [16, 17] , and genetic algorithm [18] . In such strategies, the system is optimized offline to minimize fuel consumption according to a determined driving cycle, which requires a huge amount of computation and previous information, and which, therefore, limits the use of such kinds of strategies in real-time controllers and in the environment [6, 18] . Consequently, the globally optimal solution is generally used as a benchmark for other strategies. For the purpose of simplifying the complexity of calculations for real-time applications, several algorithm applications, such as stochastic dynamic programming [19] , Pontryagin's minimum principle (PMP) [13, 18] , convex programming [12, 14] , or equivalent consumption minimization strategy (ECMS) [3, 20, 21] are suggested as solutions and can usually approximate the globally optimal solution obtained using dynamic programming. Genetic algorithms [5, [22] [23] [24] [25] [26] [27] are also often used for parameter optimization in energy management strategy to enhance economic performance, especially in rule-based strategies. In Ref.
[5], a thermostat/ power following control strategy was proposed, where the main control parameters, such as power extremum, SOC upper and lower limits, and engine speed were optimized by a genetic algorithm [27] . proposed three different types of improved thermostat strategies for controlling the power output point of the internal combustion engine. Therefore, this paper suggests the use of an adaptive genetic algorithm to optimize the thermostat energy management strategy, so as to meet practical application needs and achieve parameter optimization.
It has been found, however, that these optimized parameters are often obtained under specific conditions, so they are not appropriate for the complex road conditions under which most vehicles travel. Therefore, under real driving conditions without predefined driving cycles, an adaptive multi-mode energy management strategy should be proposed to optimize vehicle performance. In Ref.
[28], driving patterns are divided into two operating modes, low-speed and high-speed; thus, a two-mode power-split hybrid electric vehicle (HEV) is proposed with off-line optimization by conjugating gradient-based back propagation through time (BPTT)-like optimal control algorithm, where the control system design is divided into two layers. In Ref.
[29], the online supervised driving cycle recognition was achieved by calculating the feature vectors and classifying these feature vectors into one of the driving patterns in the reference database. Moulik and Söffker [30] presented adaptive, rule-based power management using driving pattern recognition. The driving patterns are classified in a look-up table offline according to power which, combined with the multi-objective optimization properties of genetic algorithms, decides the selected rule/ mode in the mode selection block of the supervisory controller [30] . In Ref.
[31], Ryu et al. proposed a fuzzy controller, which was optimized using a genetic algorithm and combined with an adaptive membership function based on a stochastic approach to guarantee optimum performance under different driving cycles [32] . established energy management strategies for fuel cell electric vehicles based on a combination of power supply durability and fuel economy. The three modes of the multi-mode control strategy correspond to three typical processes: startup, normal operation, and downtime. But the strategy does not consider the actual traffic conditions. Driving condition is divided into three different mode: traction, braking and stopping mode in Ref. [33] . Three switches are used to control the energy transfer between the fuel cell, battery, and motor, enabling the switching of three modes. And this strategy was modified in Ref. [34] , where a switch was added to supply energy produced by fuel cells when batteries are fully charged. In Ref.
[35], an adaptive droop control method with the multi-mode strategy based on the ECMS was proposed to improve efficiency and prolong lifetime of power sources by avoiding quick changes of power demand. And three operation modes are defined to distribute the required power reasonably into a powertrain system by adjusting the unidirectional and bidirectional DC/DC converters, which contains two PEMFC systems, two batteries and two SCs [36] .
In Ref.
[37], a clustering analysis is used to classify the driving conditions into five typical types, and Euclidean proximity is used to realize pattern recognition. The energy management strategy parameters are optimized under each driving pattern using simulated annealing particle swarm optimization.
The driving conditions of a vehicle can be predicted or identified, and the results indicate current or future driving conditions of the vehicle. At present, the study of driving pattern recognition has two main methods. Some researchers [38] [39] [40] [41] [42] use vehicle navigation systems geographic information systems (GPSs) and connected vehicles to obtain future traffic speed, slope, and other data. In other words, the current energy management strategy is determined by a forecast of future driving conditions. The characteristic parameters of current driving patterns can be obtained through calculation of current and historical route information. These parameters are then compared with typical driving cycles to recognize current driving patterns. Although this method is not as accurate as the former one, the realization is relatively simple. Some researchers [35, [43] [44] [45] use fuzzy algorithm to establish the driving condition recognizer. Cluster analysis [37, 46] is used in the classification of driving conditions. In Ref.
[46], a new method of hierarchical clustering is used to classify the working cycle data into four groups, which are extracted from a sample of the historical driving condition cycle. Then the support vector machine method is used to predict the current driving cycle based on the classification results. Finally, according to the current operating cycle and slope information, a switchable driving controller is established. Some papers study the relationship between the accuracy and complexity of a calculation. In Ref.
[47], the k-nearest neighbor algorithm is used to study the velocity extracted from facility-based driving cycles. The kfold cross validation technique has been used to evaluate the influence of window length on classification accuracy. The final selection is 10 driving patterns and 60 s window length.
A neural network can correctly map the pattern from the feature space to the class space, and has a strong learning and adaptive ability, which is widely used in the field of pattern recognition [48] . Jeon et al.
[49] called the vehicle energy management strategy based on driving conditions recognition "a multi-mode switching energy management strategy based on driving pattern recognition," which consists of two parts: (1) a recognizer to identify the driving pattern according to the characteristic parameters, and (2) a control strategy optimized under selected driving cycles. The recognizer can be adjusted automatically to the optimal control strategy according to the results of driving pattern identification. In Ref.
[50], the driving condition recognition is composed of two parts: (1) the driving condition information extractor and (2) the driving environment recognizer. In this research, the driving condition information extractor extracts 16 types of characteristic parameters and the driving environment recognizer includes a road type identifier, driving style identifier, driving trend recognizer, and driving mode recognizer. Among these parameters, 11 kinds of typical driving conditions were selected and constructed by the learning vector quantization (LVQ) neural network algorithm in the road type identifier. The latter three kinds of recognizers (environment, driving trend, and driving mode) were realized by the fuzzy controller. This article explains in detail the method of identifying the driving conditions but does not explain how to develop a vehicle's energy management
